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Ecotypes of Arabidopsis thaliana supported the replication and systemic spread of Brome mosaic virus (BMV) RNAs. Infection was
induced either by manual inoculation with viral RNA or by BMV virions, demonstrating that virus disassembly did not prevent infection.
When in vitro-transcribed BMV RNAs 1–3 were used, production of subgenomic RNA4 was observed, showing that BMV RNA replication
and transcription had occurred. Furthermore, inoculations of the transgenic Arabidopsis line that expressed a suppressor of RNA interference
(RNAi) pathway markedly increased the BMV RNA concentrations. Inoculations with designed BMV RNA3 recombination vectors
generated both homologous and nonhomologous BMV RNA–RNA recombinants. Thus, all cellular factors essential for BMV RNA
replication, transcription, and RNA recombination were shown to be present in Arabidopsis. The current scope of understanding of the model
Arabidopsis plant system should facilitate the identification of these factors governing the BMV life cycle.
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Brome mosaic virus (MV) is a positive-sense single-
stranded RNA virus of plants (Van Regenmortel et al.,
2000). The genome of BMV has three RNA components,
RNA1, RNA2, and RNA3 (Ahlquist, 1992). RNA1 (3.2 kb)
and RNA2 (2.9 kb) encode viral RNA replicase proteins 1a
and 2a, respectively, whereas RNA3 is dicistronic and
encodes the cell-to-cell movement protein 3a (Schmitz and
Rao, 1996), and the coat protein. The latter is expressed
from subgenomic RNA4, which co-encapsidates with
RNA3 (Choi et al., 2002). BMV can infect plants both
systemically, e.g., monocotyledonous cereal crops or dicot-
yledonous Nicotiana benthamiana, and locally, e.g., Che-
nopodium species (Lane, 1974).
The BMV genome can undergo efficient inter- and intra-
segment genetic RNA recombination (Bujarski and Nagy,
1994; Bujarski et al., 1994; Figlerowicz and Bujarski,0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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E-mail address: jbujarski@niu.edu (J.J. Bujarski).1998). Both base-pairing-dependent and base-pairing-inde-
pendent crossovers were described among BMV RNA
components in either systemic or local lesion hosts (Bujar-
ski and Kaesberg, 1986; Rao et al., 1990), and the molecular
requirements of crossovers were analyzed (Figlerowicz and
Bujarski, 1998, and references therein). These studies
revealed the effects of nucleotide composition on homolo-
gous crossovers (Nagy and Bujarski, 1998, and references
therein) and the role of complementary regions during
nonhomologous recombination (Dzianott et al., 1995; Nagy
and Bujarski, 1993, and references therein). Also, the role of
both 1a and 2a in BMV RNA recombination was confirmed
(Dzianott et al., 2001; Figlerowicz et al., 1998). More
recently, a homologous RNA recombination hot spot was
described within the intercistronic region of BMV RNA3
(Bruyere et al., 2000), and the role of the subgenomic
promoter (sgp) transcription activity in recombination was
demonstrated (Wierzchoslawski et al., 2003).
Host factors that contribute to BMV RNA recombination
are unknown. Yeast has been used to identify host factors
related to BMV RNA replication (Janda and Ahlquist,
1993). This and other studies revealed the role of fatty acid
desaturases (Lee et al., 2001), translation initiation factor
eIF3 (Quadt et al., 1993), DEAD-type helicases (Noueiry et
Table 1
Summary of testing of BMV infection in ecotypes of A. thaliana
Arabidopsis
ecotype
Inoculation
with purified
virusa
Inoculation
with transcribed
BMV RNAsb
Concentration
(Ag/g tissue)c
1 Turk Lake   n/a
2 Cape Verde
Islands (Cvi-O)
  n/a
3 RLD1   n/a
4 Columbia (Col) +++ + 2.0
5 Mu¨hlen +++ ++ 0.8
6 Columbia (Col-PRL) +++ + 3.5
7 C24   n/a
8 Wassilewskija +/  n/a
9 Columbia (Col-O) ++++ ++ 4.5
10 Nossen (No-O)  n/a n/a
11 Bensheim +/ +/ n/a
12 Kendalville +/  n/a
13 S96   n/a
14 Greenvile +/  n/a
15 Aua–Rho¨n   n/a
16 Estland +/ + 0.8
17 Dijon G +++ + 1.8
18 RLD   n/a
19 Landsberg Erecta +++ ++ 2.0
20 Niederzenz ++++ ++ 5.0
a Arabidopsis seedlings were inoculated mechanically with a purified BMV
preparation, as described in Materials and methods. Total RNA was
extracted from equal amounts (500 mg) of systemic (uninoculated) leaves
and analyzed by dot blot hybridization. RNA concentrations were
visualized on X-ray film and compared by dot intensity. The + signs
indicate the relative concentration, as follows: ++++, the highest intensity;
+++, high intensity; ++, moderate intensity; +, low intensity; +/, barely
visible blot hybridization dots; , virus not present; n/a, not analyzed.
b Arabidopsis seedlings were inoculated with in vitro-transcribed wt BMV
RNAs 1, 2 and 3 (3 Ag/leaf), as described in Materials and methods. Total
RNA was extracted and analyzed, as described in footnote a.
c Virus concentration was determined in systemic leaves of BMV virus-
inoculated Arabidopsis seedlings using the DAS–ELISA test, as described
in Materials and methods.
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(snRNP) proteins (Diez et al., 2000). Arabidopsis thaliana
has been used for various studies of host–virus interactions.
For example, viral determinants of symptom expression by
the satellite RNA of Turnip crinkle virus (TCV) were
studied in Arabidopsis plants (Kong et al., 1995; Oh et
al., 1995), and regions of coat protein that were involved in
the elicitation of resistance responses to TCV infection were
mapped (Zhao et al., 2000). Host genes responsible for virus
susceptibility and symptom development in Arabidopsis
have been studied for Tobacco mosaic virus (Dardick et
al., 2000), Tobacco etch virus (Chisholm et al., 2000, 2001;
Whitham et al., 2000), or other tobamoviruses (Yamanaka et
al., 2000; Yoshii et al., 1998). Virus resistance in Arabi-
dopsis has been examined for Turnip mosaic potyvirus
(Martin et al., 1999) or Turnip crinkle virus (Kachroo et
al., 2000; Kong et al., 1997), and some of the genetic loci
that were required for RNA interference (RNAi) during viral
infection were mapped (Dalmay et al., 2000, 2001; Mour-
rain et al., 2000). Also, the viral factors contributing to the
suppression of the RNAi pathway have been analyzed in
Arabidopsis during viral infection (Beclin et al., 1998;
Matzke et al., 2001; Qu et al., 2003; Ren et al., 2000).
To establish a higher plant host system for the identifi-
cation of BMV-related host genes, in this study, we explored
the potential use of the model plant, A. thaliana. Several
Arabidopsis ecotypes were found to be susceptible to BMV
infection whereas some were not. The use of transgenic
Columbia Col-0 line that expressed the P1-HC-Pro suppres-
sor of RNAi demonstrated increased accumulation of the
virus. Subsequently, the ecotype Col-0 was used to show
that Arabidopsis could support both homologous and non-
homologous recombination among BMV RNAs. Overall,
our data establish Arabidopsis as a new host that can be
used for host-related studies on BMV RNA replication and
recombination.Results
Virus accumulation and systemic spread of BMV in
Arabidopsis ecotypes
Seedlings of 20 ecotypes of A. thaliana were inoculated
with BMV virus preparation or with BMV transcripts, and
the progeny virus was extracted after 10 days of incubation.
The presence of viral RNA in the inoculated and uninocu-
lated leaves was detected by dot blot hybridization (see
Materials and methods). As shown in Table 1, 12 and 9
Arabidopsis ecotypes accumulated detectable levels of
BMV RNAs in systemic leaves when inoculated with
BMV virions and BMV transcripts, respectively (Table 1)
(the background in the dot blots of the inoculated leaves was
subtracted).
A time course of BMV accumulation was determined in
the ecotype Col-0 that was inoculated with BMV virionRNA by using the DAS-ELISA test (see Materials and
methods). As shown in Fig. 1A, the concentration of the
BMV coat protein in the inoculated leaves reached maxi-
mum 8 days after infection. A lower concentration was
detected in uninoculated leaves, with a peak of the capsid 14
days after inoculation and then declining. The kinetics of
capsid accumulation is consistent with BMV replication in
the inoculated leaf followed by systemic spread into unin-
oculated leaves. In accordance with these observations, all
further analyses of BMV infection in Arabidopsis were
performed 8 and 14 days after inoculation for the inoculated
and systemic leaves, respectively. The BMV RNA concen-
tration (Table 1, right column) was determined in eight
ecotypes (Columbia-Col, Columbia-Col PRL, Columbia-
Col 0, Dijon G, Estland, Landsberg erecta, Muhlen, and
Niederzenz) by using the DAS–ELISA assay. It varied
between 0.8 and 5.0 Ag/g leaf tissue. These results showed
variation in susceptibility to BMV infection among Arabi-
dopsis ecotypes. Furthermore, the ecotypes demonstrating
BMV RNA accumulation overlapped significantly when
Fig. 1. Accumulation of BMV RNA in A. thaliana. (A) Time-course
analysis of the accumulation of BMV RNA in inoculated and systemic
leaves of the ecotype Columbia Col-0. Plants were inoculated with virion
BMV RNA (see Materials and methods), followed by extraction of total
RNA (0.5 g leaf tissue from five plants) at the indicated time points
following inoculation. The RNA concentration was determined using the
ELISA test. (B) Northern blot analysis of the accumulation of BMV RNAs
in ecotypes Col-0 (lanes numbered as ‘9’) and Niederzenz (lanes numbered
as ‘20’). The leaves were co-inoculated mechanically with in vitro
transcribed wt RNAs1, 2, and 3, and the total RNA was extracted from the
infected tissue using an equal weight of either inoculated leaves or
systemic leaves, separated electrophoretically in a 1% agarose– forma-
mide– formaldehyde gel, blotted on a nylon membrane (HybondN+,
Amersham), and probed with a 32P-labeled RNA complementary to the 3V
200 nt of the (+) strand. Lanes 1–2 and 3–4 show the RNAs extracted
from the inoculated and systemic leaves, respectively. The control lane 5
shows wt BMV RNA from an equal weight of barley leaves (diluted
1:500). The positions of individual BMV RNA components are indicated
on the right.
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increased susceptibility of specific ecotypes. In comparison
to barley, a systemic host for BMV (Lane, 1974), BMV
concentrations in Arabidopsis were much lower, suggesting
limitations in the systemic spread or viral replication (see
Discussion).
To confirm BMV RNA replication, the RNA profiles
from Arabidopsis seedlings (ecotypes Col-0 and Nieder-
zenz) that were inoculated with the transcribed BMV RNAs
1–3 (Janda et al., 1987) were determined by Northern
blotting. As shown in Fig. 1B, all four BMV RNA compo-
nents including the subgenomic RNA4 were detected (lanesFig. 2. Electronmicroscopy micrographs of partially purified (by PEG
precipitation; see Bujarski, 1998) preparation of Brome mosaic virus from
infected Arabidopsis leaves (see Materials and methods). Negative stain
with uranyl acetate on formwar and carbon-coated grids. The virus was
placed on grids that were treated with BMV antiserum (A) or not treated
with BMV antiserum (B). The scale bar represents 100 nm.
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the inoculated (lanes 1 and 2) and the systemic (lanes 3 and
4) leaves. Since subgenomic RNA4 was not present in the
initial inoculums, its presence demonstrated an active BMV
RNA replication. Furthermore, although the accumulation
of BMV RNAs was much lower in Arabidopsis, the ratios
among the individual BMV RNAs were similar to those in
the control barley infection (lane 5), reflecting a regular viral
replication cycle.
Our studies revealed that not only the ecotype but also the
age of the inoculated seedlings and the environment were
critical (not shown). In particular, the highest susceptibility
to infection was observed for 3–4-week-old plants (when
the rosettes were in a six-to-eight leaf stage). Also, flowering
plants were found to be much less susceptible than non-
flowering plants of the same age. In addition, plants grown
at a short light period (7 h light at 21 jC and 17 h dark at 17
jC) could be infected, whereas those grown under constant
light at 25 jC could not. These results demonstrated the role
of environmental, physiological, and genetic factors. Along
these lines, Fujisaki et al. (2003) reported that accumulation
of Spring beauty latent virus (SBLV) and (to a lower level)
Cowpea chlorotic mottle virus (CCMV) in the ecotype Col-0
was detectable on Western blots, but that of BMV was not.
This could be due to either lower concentrations of BMV
RNA in the inoculum used by the authors (0.1 Ag per leaf as
compared to 1 Ag per leaf tissue used by us) or because of
different growing conditions.
To show that BMV can form virion particles, the sap
extract from systemic leaves of BMV RNA-infected Col-0
was analyzed by immunoelectron microscopy. Much higherFig. 3. Comparison of accumulation of BMV RNA in transgenic and non-transgen
Arabidopsis seedlings were inoculated either with BMV virus preparation (left pan
equal amount of leaf tissue, as described in Materials and methods. The RNAwas s
(formamide– formaldehyde), blotted to the membrane, and probed, as described
respectively. Lanes 1–4 represent samples from virus-infected seedlings whereasnumber of viral particles was observed on carbon-coated
grids that were pre-treated with anti-BMV antiserum, as
compared to untreated grids (compare Figs. 2A and 2B).
The estimated size of isometric capsids (27 nm) agreed with
the published diameter for BMV particles, showing that
BMV could form normal virions in Arabidopsis.
Replication of BMV in transgenic Arabidopsis line
expressing a suppressor of RNAi
To test if RNA interference pathway was responsible for
low virus concentrations, BMV was inoculated on an
Arabidopsis line (Col-0 derivative) that expressed the P1/
HC-Pro suppressor of the RNAi pathway from Turnip
mosaic virus (TuMV). The seedlings (a generous gift of
Dr. Vicki Vance) exhibited a characteristic shape of their
leaves, easily distinguishable from nontransgenic Col-0
plants. Either BMV virions or BMV RNA was used as
inoculum, and the RNA was extracted from inoculated and
uninoculated leaves. The non-transgenic line was used as
control. Northern blot analysis (Fig. 3) revealed a signifi-
cantly increased concentration of BMV RNA in transgenic
plants in both inoculated (lanes 1 and 6) but especially in
systemic (uninoculated) leaves (lanes 2 and 5), as compared
to nontransgenic plants (lanes 3, 4, 7 and 8). Interestingly,
the virus concentration reached higher levels in the plants
inoculated with viral RNA than with the virus, suggesting
some difficulties with virus uncoating. In addition to four
BMV RNAs, shorter RNAs accumulated at high levels,
especially in systemic leaves of transgenic lines (see lanes 2
and 5), suggesting the accumulation of defective BMVic Arabidopsis plants expressing the TuMV suppressor of RNAi. Leaves of
el) or with BMV RNA (right panel), and total RNAwas extracted from an
eparated by electrophoresis in a 1% agarose gel under denaturing conditions
in Fig. 1 legend. I and S symbolize the inoculated and systemic leaves,
lanes 5–8 are those from BMV RNA-infected seedlings.
A. Dzianott, J.J. Bujarski / Virology 318 (2004) 482–492486RNAs. Overall, these results demonstrated that the expres-
sion of the TuMV suppressor facilitated BMV RNA repli-
cation in Arabidopsis, suggesting the inhibitory functions of
the RNAi pathway.
Homologous RNA3–RNA3 recombination in Arabidopsis
To test whether the Arabidopsis host could support
recombination among BMV RNA3 molecules, the Col-0
seedlings were inoculated with the version of BMV RNA3
(Wierzchoslawski et al., 2003) designed to detect homolo-
gous recombination events. According to Nagy and Simon
(1997), homologous recombination could be defined as
similarity–essential recombination. These molecules carriedFig. 4. Homologous crossovers between BMV RNAs3 in Arabidopsis and in C. qu
of BMV RNA3 IDO construct (IDO RNA3) carrying a long repeat of the sgp se
(represented by black bars); thin lines represent the noncoding regions, although
proteins. The elements of the 310 nts repeated sequence (the enhancer, the polyA t
by the named boxes. The vertical arrows symbolize the initiation of synthesis of tw
INT-2, respectively. (Bottom) The results of sequencing of RT-PCR-generated cD
sequences with the nucleotide positions (of wt RNA3) indicated by numbers at bo
cDNA sequences of progeny BMV RNA3 from ID0-infected Arabidopsis plants. T
primers, cloned into the pDrive cloning vector, and the released inserts (with Ba
agarose gel.a duplication insert of the subgenomic promoter (sgp)
region just downstream to the coat protein termination
codon (at the locus designated as INT-2), so that the sgp-
mediated crossovers could be analyzed (Fig. 4). The con-
struct, designated ID0, contained a 323-nts insert covering
the entire subgenomic promoter region (nts 1110–1433, i.e.,
the enhancer, the polyA tract, the core region, and a
downstream sequence; see French and Ahlquist, 1988)
(Fig. 4A). The progeny BMV RNA3 was amplified by
RT-PCR using primers RW-Pst and PN1 (described in
Materials and methods), and the purified PCR products
were ligated into the cloning vector pDrive (see Materials
and methods). Inserts of variable size were identified among
the resulting cDNA clones (Fig. 4A, bottom). Sequencing ofinoa obtained with construct ID0 RNA3. (A, top) Schematic representation
quence. INT-1 and INT-2 indicate the location of the repeated sg sequence
filled boxes represent open reading frames for 3a and for the coat (CP)
rack, the core, and a downstream region) are represented below as indicated
o subgenomic RNAs (RNA4 and RNA 4V) at the sgp sequence of INT-1 and
NA clones of progeny ID0 RNA3. The horizontal lines represent deleted
th sides. (B) Electrophoretical analysis of size variability among the cloned
he progeny BMV RNA3 was amplified by RT-PCR using RW-Pst and PN1
mH1/Xho1 restriction enzymes) were analyzed by electrophoresis in 1.5%
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carried the undeleted sgp insert at INT-2. The other 13
clones had either single or double deletions within the insert.
The limits of the deletions and the frequency of the deletions
in the 14 clones are shown in Fig. 4A. Sequences deleted in
some clones were from the sgp peripheral regions (sgp
enhancer and the downstream region), but other clones
carried more central portions deleted (polyA or the core);
one clone had the entire INT-2 insert removed. Most likely,
the deletions occurred by some type of nonhomologous
RNA–RNA crossovers (see Discussion).
To test if recombination patterns were host dependent,
ID0 RNA3 was inoculated on C. quinoa seedlings along
with wild-type BMV RNA1 and RNA2. C. quinoa is an
efficient local lesion host that was used previously in BMV
recombination studies (Bruyere et al., 2000; Nagy and
Bujarski, 1995). Analysis of 26 progeny BMV RNA3
cDNA clones confirmed the instability of the INT-2 insert.
However, in contrast to the Arabidopsis host, the majority of
the changes in the INT-2 insert were accounted for three sets
of large single deletions (Fig. 4A, bottom). Thus, the host
could affect viral RNA recombination (see Discussion).
Next, homologous RNA recombination was examined by
using stable INT-2 inserts. A pair of BMV RNA3 constructs
(designated ID1-1 and ID1-2) carried a 110-nts sgp se-
quence, including part of the sgp enhancer, the polyA tract,
and the core region (Fig. 5). In addition, ID1-1 and ID1-2
carried HindIII and EcoRI flanking restriction sites, respec-
tively. We previously showed that, in C. quinoa, ID1-1–Fig. 5. (Top) Schematic representation of BMV RNA3 ID1 construct (ID1 RNA3)
the same like in Fig. 3, left panel. (Bottom) The results of sequencing of homologo
from C. quinoa. The symbols used are exactly like in panel A above, except that t
homologous crossovers (further indicated by double-headed arrows). The figures o
inserts.ID1-2 RNAs generated homologous recombinants at 25% of
the total recombinants (Wierzchoslawski et al., 2003).
Analysis of 24 cloned RT-PCR cDNA products of progeny
BMV RNA3 extracted from ID1-1–ID1-2 co-infected Ara-
bidopsis revealed the accumulation of two classes of RNA3
molecules: those with unmodified and those with modified
INT-2 inserts. Among the unmodified insert sequences, 4
clones carried the crossed (recombinant) sequences, 8 were
of ID1-1, and 12 were of ID1–2 parental sequence. The
homologous recombination frequency was thus 17% (de-
fined as the fraction of clones carrying the unmodified sgp
INT-2 insert). To assess if the 17% versus 25% figures of the
recombination frequency between Arabidopsis and C. qui-
noa were statistically different, the computer program Super
ANOVA (Abacus Concepts, Inc) was used (see Nagy et al.,
1995). The calculated standard deviations revealed the
numbers of 17 F 2% and 25 F 2%, confirming their
statistical meaning.
The remaining 20% of the RNA3 progeny, called ‘‘mod-
ified’’ (five clones), represented the non-recombined (i.e.,
carrying the parental set of marker restriction sites) deletion
variants of either ID1-1 or ID1-2 that lost portions of the
INT-2 insert (Fig. 5, bottom). One clone lost most of the
core region (nts 1221–1242), two clones lacked the polyA
tract (nts 1190–1219), and two clones lost a larger region
within the upstream sequence plus most of the polyA tract
(nts 1130–1216).
To check that the recombinants were generated during
RT-PCR, a set of Arabidopsis plants that were infectedcarrying a shorter repeat of the sgp sequence. The designation of elements is
us and nonhomologous (deletion-type) recombinants from Arabidopsis and
he dotted horizontal lines symbolize the INT-2 insert sequences that support
f 17% and 25% show the frequency of homologous crossovers among INT-2
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Restriction digestion of 18 cDNA clones from each inocu-
lation revealed no recombinant RNA3 molecules (not
shown). The observed crossovers thus require the BMV
replication functions provided by RNA1 and RNA2, con-
firming results of previous experiments (Figlerowicz et al.,
1998; Nagy and Bujarski, 1995).
Heteroduplex-mediated RNA3–RNA1 recombination in
Arabidopsis
To analyze the intersegmental nonhomologous recom-
bination (also defined as similarity–nonessential recombi-
nation; see Nagy and Simon, 1997) of BMV in Arabidop-
sis, a previously designed BMV RNA3 construct (named
PN8 () RNA3) was used (Nagy and Bujarski, 1993). This
RNA carried a 141-nt-long sequence that was complemen-
tary to wt BMV RNA1, forming an imperfect heterodu-
plex structure within the 3V noncoding region between
PN8 () RNA3 and wt RNA1 (Fig. 6). Prior testing in C.
quinoa plants demonstrated recombination events in 85%
of local lesions, with the nonhomologous crossovers
occurring within the left-side-proximal portion of the
heteroduplex region (see Fig. 6). To check if the Arabi-
dopsis host could support heteroduplex-mediated recom-
bination, PN8 () RNA3 (plus wt RNAs 1 and 2) was
co-inoculated on Col-0, and the progeny RNA3 was
analyzed as described above. Among 40 cDNA clonesFig. 6. The heteroduplex-mediated nonhomologous recombination between BM
schematically the PN8 ( ) RNA3 recombination vector that carries a modified 3V
‘‘3Vend’’), a CCMV RNA3 sequence (marked as ‘‘CCMV’’), and the 110-nts anti
(represented by a black thick line) of wt RNA1 molecule, shown below in revers
scale), whereas the double-headed arrows depict the region of crossovers (see
recombination vector). Lower part shows schematically the nucleotide sequence o
unpaired mismatched loops on the left side. The regions where 90% of crossovers
Chenopodium quinoa hosts, as indicated. The frequency of recombination is shocharacterized, 18 represented the targeted RNA1–RNA3
recombinants, although 22 carried the parental PN8 ()
RNA3 sequence. This gave a molecular recombination
frequency of 45%.
The majority (90%) of Arabidopsis RNA1–RNA3
recombinants had their crossover sites located within a
region just upstream to the first mismatch loop at the left
(upper) portion of the heteroduplex structure (left dotted box
in Fig. 6, bottom). This was in contrast with crossovers from
C. quinoa that occurred at the more inner portion of the
heteroduplex (right dotted box). One clone of the Arabi-
dopsis recombinants (not shown) carried a small (5 nts)
deletion within the heteroduplex sequence, which has also
been observed in C. quinoa (Nagy and Bujarski, 1993).
However, in contrast to C. quinoa, none of the Arabidopsis
deletion recombinants had their donor or acceptor cross-
sites further apart from each other. Results from these
experiments revealed the host influence over the character-
istics of BMV RNA recombinants.Discussion
The goal of this work was to establish a model plant host
that would allow for analysis of host factors participating in
the life cycle of BMV, a well-characterized plus-strand RNA
virus. Arabidopsis has previously been reported as a sus-
ceptible host for several viruses (Brunt et al., 2003),V RNA3 and RNA1 in Arabidopsis and in C. quinoa. Upper part shows
noncoding region including a duplication of the 3Vend sequence (marked as
sense RNA1 sequence (‘‘RNA1’’) that is complementary to the 3Vfragment
e orientation. The shaded boxes represent the open reading frames (not to
Nagy and Bujarski, 1993, for a detailed description of PN8 () RNA3
f the 3Vheteroduplex region formed between RNAs 3 and 1, with the three
was identified are boxed at two different locations for the Arabidopsis and
wn as the percentage numbers in parentheses.
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BMV. The official host range of BMV includes Gramineae,
Chenopodiacae, and some species of Nicotiana (Brunt et
al., 2003; Lane, 1974).
Our results demonstrate for the first time that BMV
RNAs can replicate, transcribe, and recombine in ecotypes
of Arabidopsis. The presence of subgenomic RNA4 in
plants that have been inoculated with the in vitro-tran-
scribed BMV RNAs 1, 2, and 3 provides strong evidence
for BMV RNA replication. The spread of BMV RNAs to
systemic leaves as well as the observed genetic recombi-
nation provides further evidence for active BMV RNA
multiplication. Furthermore, the formation of spherical
viral structures reveals that the virus completes its life
cycle.
Although exact factors governing susceptibility of indi-
vidual Arabidopsis ecotypes to BMV are not known, our
data provide some clarification. For instance, the use of both
naked BMV RNAs and whole virions as the inoculum
demonstrated the susceptibility to BMV in the same set of
Arabidopsis ecotypes. Thus, the lack of infection in other
ecotypes probably occurs at later stages during infection,
e.g., RNA replication, virus spread (cell-to-cell or systemic),
or virus assembly. A higher concentration of BMV was
observed in the inoculated leaves than in systemic leaves.
This might reflect difficulties in the systemic spread of viral
RNAs to the uninoculated portions of the plant or the
remaining RNA inoculum. Further experiments in Arabi-
dopsis protoplasts should help in clarifying the questions
about factors that might affect BMV RNA replication and
accumulation.
Virus concentrations reached low levels in all susceptible
ecotypes compared with the systemic barley host. This,
among others, might be due to a decreased RNA stability
or an active inhibition of BMV RNA replication, e.g., such
as the RNAi pathway (Marathe et al., 2000). Indeed, in this
work, we demonstrated that the use of the transgenic
Arabidopsis line that expressed the TuMV P1/HC-Pro
suppressor significantly increased the concentration of viral
RNA (Fig. 3). Similarly, Mallory et al. (2002) have ob-
served that high-level (up to approximately 3% of total
protein) transgene GUS expression can be achieved by
pairing the Potato virus X–GUS amplicon approach with
the use of a viral suppressor of RNAi, Tobacco etch virus
helper component-proteinase (HC-Pro).
Very little information is available concerning the role of
host effects during viral RNA recombination. RNA recom-
bination of a Tomato bushy stunt virus coat protein mutant
occurred in N. benthamiana but not in pepper (Desvoyes
and Scholthof, 2002). Different distributions of RNA
recombinants were observed in different hosts of Turnip
mosaic virus (Ohshima et al., 2002) or Yam mosaic poty-
virus (Bousalem et al., 2000). Also, host effects on the
accumulation of DI-RNAs were reported (Graves et al.,
1996; Hillman et al., 1987), including Tomato spotted wilt
virus (Inoue-Nagata et al., 1997), Beet curly top virus(Stenger et al., 1992), or Cucumber mosaic virus (Graves
et al., 1996).
In this work we report the differences in RNA recombi-
nation at the molecular level between two hosts, C. quinoa
and Arabidopsis. For ID1 RNA3, the frequency of homol-
ogous RNA3–RNA3 recombinants was lower in Arabidop-
sis (17%) than in C. quinoa (25%); although another fraction
of 20% represented nonhomologous recombinants (which
was not observed in C. quinoa, see Wierzchoslawski et al.,
2003). For ID0 RNA3, the patterns of nonhomologous
deletions within the sgp sequence differed markedly between
Arabidopsis and C. quinoa. Yet PN8 () RNA3 supported
the heteroduplex-based crossovers at lower recombination
frequency in Arabidopsis than in C. quinoa, and the cross-
over sites were shifted. These differences in recombination
characteristics, although not dramatic, reveal that the host
background or the level of viral RNA replication can affect
RNA–RNA crossovers. Host factors play important roles in
many steps of viral life cycle (Ahlquist et al., 2003),
including BMV (Noueiry and Ahlquist, 2003). Since BMV
RNA recombination was shown to be linked to RNA
replication (Dzianott et al., 2001; Figlerowicz et al., 1998;
Nagy et al., 1995), it is likely that these factors could
influence RNA recombination as well. For instance, host
factors may change the essential properties of the viral RdRp
complex such as the unwinding activity near double-strand-
ed regions, template binding, or re-initiation on new RNA
strands. Indeed, some of the BMV-related host factors
facilitate assembly of the replication complex (Noueiry and
Ahlquist, 2003).
Besides direct effects on the generation of RNA
recombinants, different selection pressures might operate
in the local lesion tissue (of C. quinoa) than in the systemic
tissue (of Arabidopsis), and thus contribute to the observed
host effects. Also, different modes of action are expected if
one assumes that the observed differences in the types and
frequencies of RNA recombination depend only upon the
levels of RNA replication. In this case, the effect of host
factors could be directly on replication and only indirectly
on recombination. However, a different replication level is
expected to affect recombination frequency (due to differ-
ent availability of parental RNAs for crossovers) rather than
the profiles of recombinants. Since we observe both, this
might reflect direct influence of host factors on recombi-
nation (or a mixture of both direct and indirect effects).
Further experiments are required to distinguish among
these possibilities.Materials and methods
Virus strains, plants, in vitro transcription, and plant
inoculations
The BMV type strain was obtained from Paul Ahlquist
laboratory (University of Wisconsin-Madison). Plasmids
A. Dzianott, J.J. Bujarski / Virology 318 (2004) 482–492490pB1TP3, pB2TP5, and pB3TP7 (Janda et al., 1987) were
used to synthesize in vitro transcripts of wild-type (wt)
BMV RNA components 1, 2, and 3, respectively. The
High-Yield Transcription kit from Ambion (cat. #1334)
was used to synthesize large amounts of capped BMV
RNA transcripts. After removal of the DNA template by
incubation with RQ1 DNase (Promega), the synthesized
RNA was purified by phenol-chloroform extraction and
ethanol precipitation.
Seeds of A. thaliana ecotypes were obtained from Lehle
Seeds, Inc. (see http://www.Arabidopsis.com/index.html).
Seeds of transgenic Col-0 expressing the P1/HC-Pro sup-
pressor were a generous gift of Dr. Vicki Vance. Plants were
grown in a growth chamber (Conviron, model PGR-15) for
7 h light at 21 jC and 17 h dark at 17 jC. Seedlings (12–16
days) were rubbed manually on carborundum-dusted leaves
with the transcribed BMV RNAs (5 Ag of each of RNAs 1,
2, and 3 per 5 leaves) in an inoculation buffer (10 mM Tris,
pH 8.O, 1 mM EDTA, 0.1% cellite), essentially as described
in Janda et al., 1987. Alternatively, the seedlings were
manually inoculated with a purified BMV virus preparation,
using 10 Ag of the virus per leaf in a phosphate inoculation
buffer (Bujarski, 1998), rubbing four to five leaves per
plant, using two or three plants per treatment. The inocu-
lated plants were incubated in the growth chamber.
Generation of RNA3 recombination constructs, and cloning
and analysis of recombinants
Constructs ID1-1 and ID1-2 were described by Wierz-
choslawski et al., 2003, and construct PN8 () was
described by Nagy and Bujarski, 1993. To generate ID0,
a region in wt RNA3 between nucleotide positions 1110
and 1413 was amplified by RT-PCR using primers 1
(5VCGGGATCCCGCTAAGCTTACAACGGCGTGTTG3V)
and 2 (5VCGGGATCCCGCTTTCGCTGTAATCGCGTCC-
GAAGAC3V) (the BamH1 restriction sites are underlined).
The resulting PCR product was digested with BamH1 and
ligated into the BamH1 site at position 1862 of plasmid SF-
25 (described in Bruyere et al., 2000), just downstream to the
coat protein ORF.
Recombination frequency was calculated as a fraction of
recombinants in the total number of cDNA clones that were
amplified by RT-PCR from a total RNA extract (see below)
of the combined local lesion tissue. For homologous recom-
bination (infections ID0 and ID1-1/ID1-2), the INT-2 region
was amplified by RT-PCR using primers RW-Pst
(5VAAAACTGCAGCCAATGGTCTCTTTTAGAGATTTA-
CAGTG3V), complementary to 3Vterminal nts 2113-2089 of
wt RNA3, and primer PN1 (5VCTGAAGCAGTGCCTGCT-
AAGGCGGTC3V), representing the nts 1731–1756 of wt
RNA3. The PCR products were purified with the QIAquick
PCR purification kit (QIAGEN Inc.) and ligated into the 3V-U
overhangs of the cloning vector pDrive (of the Qiagen PCR
Cloning kit, cat. # 231122). The inserts were released by
BamH1/Xho1 digestion.RNA analyses
Whole-virion BMV preparations were extracted 2 weeks
after inoculation from the infected leaves by using a PEG-
precipitation protocol (Bujarski, 1998), whereas total RNA
was extracted by homogenization of the leaf tissue powder
(crushed in liquid nitrogen) with 1% SDS, 50 mM glycine,
50 mM NaCl, and 10 mM EDTA, pH 9.0 buffer, in the
presence of phenol-chloroform (1:1 vol), followed by pre-
cipitation with 3 vol. of ethanol, and a 0.1 M final
concentration of sodium acetate. The pellet was dissolved
in 50 Al of water and purified on a column from the RNeasy
Plant Mini-kit (Qiagen, cat. # 174903), and finally dissolved
in 30 Al of water. Alternatively, the leaf tissue was crushed
in liquid nitrogen, the powder homogenized in 0.2 M Tris–
HCl, pH 9.0, 0.4 M LiCl, 25 mM EDTA in 1% SDS buffer
(according to Carpenter and Simon, 1998) in the presence of
1 volume of phenol, re-extracted with phenol-chloroform,
followed by chloroform, followed by purification on the
Qiagen column.
The concentration of BMV RNA in Arabidopsis plants
was quantified by Northern blot analysis. The RNA was
extracted from an equal weight of the infected leaf tissue
and equal volumes were analyzed in denaturing formalde-
hyde–formamide agarose gels. The RNA material was
blotted on the Hybond-N+ nylon membrane (Amersham-
Pharmacia Biotech), and the membranes probed with a
radioactive transcript that was complementary to the 3V
region of BMV RNAs (Kroner et al., 1990). The gels were
exposed to X-ray film, scanned, and subjected to the
computer-based densitometry analysis using the program
ImageQuant 5.0 from Amersham-Biosciences. The band
intensity was compared with that of a BMV RNA standard
concentration curve.
Alternatively, the presence of BMV RNAs was quanti-
fied by dot blot hybridization on nitrocellulose membranes,
following the procedure described in Romero et al. (1993).
The RNA was detected with the same radioactive probe as
for Northern blots.
The ELISA test
The concentration of BMV in Arabidopsis leaves was
determined on the basis of the DAS–ELISA assay using the
alkaline phosphatase label (Clark and Adams, 1977;
Kaniewski and Thomas, 1988). The coating and conjugated
polyclonal anti-BMV antisera were obtained from Agdia
Inc., catalog number SRA 29300.
Immunoelectron microscopy
Virus extracts were prepared by grinding of leaf tissue in
liquid nitrogen, thawing, and centrifuging on Eppendorf
microfuge at 14 K rpm for 15 min, followed by PEG
precipitation, as described by Bujarski (1998). For immu-
noelectron microscopy (see Derrick, 1973; Roberts, 1986),
A. Dzianott, J.J. Bujarski / Virology 318 (2004) 482–492 491carbon-coated grids were put onto drop of diluted BMV
antiserum (1:8 dilution with 0.1 M phosphate buffer, pH
7.0) and incubated for 5 min in a Petri dish at room
temperature. The grids were washed with 20 drops of 0.1
M phosphate buffer, a drop of partially purified leaf sap was
placed and incubated for 5 min, washed, and the grids were
stained with 2% uranyl acetate for 30 s. Micrographs were
taken with a Hitachi H600 transmission electron microscope
using Kodak 4489 EM film, scanned into Adobe Photoshop
(6.0) computer program, using an Epson 2450 Photo scan-
ner, and optimized.Acknowledgments
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